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Howard Hughes Medical Institute and Laboratory of Sensory Neuroscience, The Rockefeller University, New York, New YorkABSTRACT The cell membranes in the hair bundle of an auditory hair cell confront a difficult task as the bundle oscillates in
response to sound: for efficient mechanotransduction, all the component stereocilia of the hair bundle must move essentially in
unison, shearing at their tips yet maintaining contact without membrane fusion. One mechanism by which this cohesion might
occur is counterion-mediated attachment between glycan components of apposed stereociliary membranes. Using capillary
electrophoresis, we showed that the stereociliary glycocalyx acts as a negatively charged polymer brush. We found by force-
sensing photomicrometry that the stereocilia formed elastic connections with one another to various degrees depending on
the surrounding ionic environment and the presence of N-linked sugars. Mg2þ was a more potent mediator of attachment
than was Ca2þ. The forces between stereocilia produced chaotic stick-slip behavior. These results indicate that counterion-
mediated interactions in the glycocalyx contribute to the stereociliary coherence that is essential for hearing.INTRODUCTIONThe hair bundle, the mechanosensitive organelle of the inner
ear, is an ordered cluster of finger-like stereocilia that project
from the apical surface of a hair cell. Each stereocilium is
a stiff, membrane-ensheathed fascicle of actin filaments
that tapers like a sharpened pencil at its basal insertion into
the cuticular plate at the hair cell’s apex. The membrane of
each stereocilium is coated by a glycocalyx (1) that predom-
inantly consists of glycosylated macromolecules, such as
glycoproteins, glycosphingolipids, and proteoglycans, that
typically bear a net negative charge (2). Because of the small
volume of stereociliary tissue available in each animal, there
have been no biochemical investigations of the composition
of the stereociliary glycocalyx.
Sound-induced movement of the liquid within a given
auditory organ applies mechanical force to hair bundles
(3). When a bundle is deflected, the tops of the stereocilia
shear against one another (4,5), applying tension to the tip
links, proteinaceous filaments that connect adjacent stereo-
cilia. This tension opens mechanotransduction channels at
the distal tips of stereocilia, allowing cations to enter and
depolarize the cell, which in turn releases neurotransmitter
at its base.
Mechanoelectrical transduction by a hair cell functions
most efficiently when all of the mechanosensitive channels
open and close in unison (5,6). For concerted gating to occur,
the hair bundle must move without significant separation of
the stereocilia. However, the mechanisms that distribute
the energy of a sound stimulus across a hair bundle without
unduly constraining stereociliary movements remain
unclear. One mechanism for cohesion involves the filamen-
tous connections between stereocilia: basal links, shaftSubmitted March 3, 2011, and accepted for publication July 28, 2011.
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0006-3495/11/09/1316/10 $2.00connectors, horizontal top connectors, and tip links (7). Yet
when most of these connections are removed enzymatically,
the bundle remains cohesive (6). The viscosity of the fluid
around the hair bundle provides a significant cohesive force,
especially at high frequencies, but modeling indicates that
hydrodynamic forces cannot account for coherence at low
frequencies (8).
Anothermechanism thatmight contribute to a hair bundle’s
cohesion is counterion-mediated tethering of like-charged
sugars on the apposedmembranes. Although surfaces bearing
the same charge ordinarily repel one another, attractive forces
between similarly charged surfaces have been observed in
a variety of systems in which multivalent counterions act as
tethers between apposed surfaces (9–11). Little theoretical
work has been done on counterion-mediated interactions
between surfaces coated with like-charged polymer brushes,
such as the glycocalyx, but there are several examples
of such systems in biology (12–15). Sponge cells, for
example, are tethered through large, secreted proteoglycan
molecules in a Ca2þ-dependent manner (13,15). Another ex-
ample of a strong connection between carbohydrates is the
glycosphingolipid-based glycosynapse between metastatic
cancer cells (14). The glycocalyx has been implicated in
mechanotransduction by endothelial cells (16). In light of
the evidence for coherence within the hair bundle, we
investigated whether stereociliary glycocalyces help to hold
stereocilia together through counterion-mediated contacts.MATERIALS AND METHODS
Experimental preparations
Adult anoles (Anolis carolinensis; Carolina Biological Supply) and tokay
geckos (Gecko gekko; LLL Reptile) were injected intraperitoneally with
30 mg$kg1 of sodium pentobarbital (Nembutal; Abbott Laboratories).
After decapitation, the lower jaw was removed to expose the ventral floordoi: 10.1016/j.bpj.2011.07.053
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frogs (Rana catesbeiana) were obtained as previously described (6).Ionic conditions
The solutions used in electrophoresis experiments contained 5–150 mM
NaCl, 250 mMCaCl2, 5 mM HEPES, and sufficient D-mannitol to maintain
a constant osmolality of 240 mOsmol$kg1. Artificial endolymph con-
tained 170 mM KCl, 2 mM NaCl, 3 mM D-glucose, 1 mM creatine,
1 mM sodium pyruvate, and 5 mM HEPES with a pH of 7.3 and an osmo-
lality of 360 mOsmol$kg1. The Mg2þ and Ca2þ in the solution were only
trace amounts contaminating the monovalent salts, likely<10 mM (17). For
the EGTA, EDTA, or gentamicin condition, 1 mM of the relevant substance
was included in the artificial endolymph. The low-ionic-strength solution
contained 5 mM KCl, 350 mM D-mannitol, 1 mM EGTA, and 5 mM
HEPES. The pH was not adjusted from 5.5 to ensure that the low ionic
strength would not be compromised. Low-Ca2þ and low-Mg2þ solutions
contained artificial endolymph plus 250 mM of the relevant ion. The
high-Ca2þ and high-Mg2þ solutions contained 4 mM of CaCl2 or MgCl2.Electrophoresis of stereocilia
The isolated basilar papilla of a gecko or anole, or the sacculus of a bullfrog
was placed on a glass slide with ~20 ml of the solution to be tested. The
tissue was covered with a coverslip that was slid back and forth over the
papilla to dissociate the stereocilia. The fluid containing the stereocilia
was pipetted into a square glass capillary tube with a hydrophobic surface
(Sigmacote; Sigma). Measuring electrodes (Teflon-coated silver wire; Med-
wire) were inserted into the two ends of the capillary, which was then
placed into a precooled plastic chamber. Each end of the capillary was
covered and secured with 1% low-melting-point agarose of the same ionic
strength and osmolarity as the solution to be tested, and the center of the
capillary remained optically accessible. After the compartments holding
each end of the capillary were filled with the solution to be tested, silver-
silver chloride electrode pellets (A-M Systems) were inserted into the fluid.
While a power supply applied a voltage of 60 V between these elec-
trodes, the stereocilia were imaged with an upright microscope with
a 40 objective lens and differential-interference-contrast optics. The
voltage V and distance d between the two measuring electrodes were deter-
mined with an oscilloscope and a ruler, respectively. Video recording of the
migrating stereocilia allowed the measurement of individual stereociliary
velocities v. The electrophoretic mobility m was then calculated as m ¼
vd/V. After ~5 min of observation with a voltage of one polarity, the polarity
was reversed and migrating stereocilia were observed for another 5 min.
The data were fit by means of least-squares techniques to either of two
models. The Smoluchowski relation (18), a classical formulation for
uniformly charged smooth particles, yields a hyperbolic dependence of
mobility on ionic strength. The behavior of a charged polymer brush
follows a more complex relation (19–22).Deglycosylation of stereocilia
Anole basilar papillae were incubated for 1 h at 30C in 1 ml of artificial
endolymph containing 100 ml of 10 G7 buffer solution and 20,000 units
of peptide:N-glycosidase F (PNGaseF; New England BioLabs). The
papillae were then washed and dissociated in the appropriate solution for
the intended measurement.Isolation of stereocilia for manipulation
The auditory organ was moved to the coverslip bottom of an experimental
chamber that had been rendered hydrophobic (Sigmacote; Sigma) and
covered with ~500 ml of the solution to be tested. The basilar papillawas separated from the surrounding limbic structures with forceps and
a 26-gauge needle. The tissue was then pressed against the bottom of the
chamber with the hair bundles down and gently rubbed until it was
completely dissociated. Approximately 80% of stereociliary membranes re-
seal when dissociated with the twist-off method (23), suggesting that the
great majority of the stereocilia used in this study had resealed membranes.
Despite the hydrophobic coating of the chamber, some proportion of stereo-
cilia, which varied according to the ionic condition, adhered to the bottom
of the chamber.Measurement of tangential forces between
stereocilia
A flexible fiber was pulled in a direction perpendicular to its shank (24)
from a borosilicate glass rod 1.2 mm in diameter (World Precision Instru-
ments). The fiber’s optical contrast was increased by a 100 nm coating of
gold-palladium (Hummer 6.2; Anatech). The fibers were trimmed until
they had a stiffness of 100–400 mN$m1 and a drag coefficient of 70–
300 nN$s$m1 as determined from the power spectra of Brownian motion
in water (24).
The preparations were observed with a mechanically stabilized upright
microscope (Olympus BX51WI) equipped with differential-interference-
contrast optics and a 40 water-immersion objective lens (LUMPlanFl/IR,
NA 0.80). The stereocilia were illuminated by a low-noise 200 W mercury
arc lamp (X-Cite exacte). To minimize mechanical noise, the microscope
was mounted on an air-suspended table (Cleantop II; TMC) within an
acoustically and seismically isolated room. For photodiode measurements,
the diffusing filter, polarizer, and analyzer were removed to increase the
illumination.
In each experiment, a measurement fiber was mounted horizontally at its
base in a holder connected to a piezoelectric actuator that was in turn
secured to a micromanipulator. The micromanipulator (ROE-200, MPC-
200, MP-285; Sutter Instruments) produced vertical movements in steps
of 62.5 nm. The stiffness of each fiber was measured before every experi-
ment (24), when the fiber had a stereocilium attached and was within 20 mm
of the experimental chamber’s bottom. A piezoelectric actuator (Physik
Instrumente) was used to displace the fiber’s base to deliver mechanical
stimuli to the tip and thus to the associated stereocilium. The actuator
was driven by a matched power supply (E-663; Physik Instrumente). The
image of the fiber’s tip was magnified 1000 and projected onto a dual
photodiode connected to a circuit that calculated the normalized difference
between the amounts of light falling on the two halves. Fiber displacement
was calibrated before measurements from each pair of stereocilia by the use
of a calibration piezoelectric actuator (P-840.60 with power supply E-663;
Physik Instrumente) to offset the fiber’s image over the photodiodes by
known distances. Before each cycle, the fiber’s image was moved by a
known distance and the voltage was recorded for calibration.
To rub the stereocilia against each other, it was necessary to secure one
stereocilium to the tip of the fiber. The glass fiber was first coated with a gly-
cocalyx-binding lectin, specifically that from Datura stramonium. Attach-
ment to a fiber was attempted only for stereocilia that were free from the
bottom of the chamber, which were easily detectable by eye owing to the
jitter of Brownian motion. Under the microscope and with the aid of micro-
manipulators, the fiber was then lowered into contact with an isolated stereo-
cilium approximately parallel with the fiber’s tip so as to pin the stereocilium
between the fiber and the bottom of the chamber. Attachments formed
between the fiber and stereocilium after a period ranging from a few seconds
to a minute. This variability likely arose from local variation in the avail-
ability of appropriate sugar ligands in the glycocalyx. A stereocilium was
considered firmly connected to the fiber if no part of the stereociliummoved
in a manner indicative of Brownian motion and the stereocilium showed no
torsion when manipulated against other stereocilia or against the chamber’s
surface.
For each pair of stereocilia, recording began with the fiber’s tip and asso-
ciated stereocilium 1-3 mm above the level at which the two stereociliaBiophysical Journal 101(6) 1316–1325
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until contact was achieved, at which point 18–30 cycles of movement were
recorded. The procedure was repeated at intervals of 125 nm to an offset
of 500 nm. Contact was defined by a noticeable change in the displace-
ment of the fiber’s tip in response to movement of its base. Each stereoci-
lium was used only once. The data for each condition were obtained from
five to nine stereociliary pairs, with the exception of EDTA, which involved
only three. Approximately 125 cycles were measured over the five levels of
vertical load force between each pair of stereocilia.Data analysis
Stimuli were presented and data acquired with LabVIEW (version 8.6;
National Instruments). Measurements of the commanded displacements
and fiber movements were sampled at 100 ms intervals. Data were analyzed
in MATLAB R2010a (The MathWorks, Natick, MA).
The tangential or horizontal force F exerted by the fiber was given by
F ¼ KðY  XÞ, in which K is the fiber’s stiffness, Y is the displacement at
fiber’s base, and X is the displacement at the fiber’s tip (24). A portion of
the energy dissipation during each cycle of movement resulted from hydro-
dynamic drag on the fiber and associated stereocilium, rather than from
friction between the stereocilia. We estimated the hydrodynamic dissipation
by considering that, for a fiber following a time-symmetrical triangle-wave
trajectory with a period T and maximal excursions 5bX , the velocity
is jnj ¼ ð2bXÞ=ðT=2Þ and the dissipation is therefore
W ¼
ZT
0
F$dx ¼
ZT
0
xn

dx
dt

dt ¼ x
ZT
0
n2dt
¼ x
0
B@2bXT
2
1
CA
2ZT
0
dt ¼ 16x
bX2
T
; (1)
in which x is the drag coefficient. This value was subtracted from the total
dissipation measured during each cycle. Because this contribution to the
dissipation was ordinarily ~0.1 aJ, however, this correction was of minor
importance.
The slope of the displacement-force relation was computed from a
straight-line fit to the data with a first-order least-squares algorithm (polyfit;
MATLAB). Dissipation was calculated from the area within the hysteresis
loop of the displacement-force data (polyarea; MATLAB).
Power laws were fit and p-values determined with a published algorithm
and associated MATLAB programs (http://tuvalu.santafe.edu/~aaronc/
powerlaws/) (25). Fitting was done using maximum likelihood, and the
Kolmogorov-Smirnov test was used to compute a p-value for the estimated
power-law fit. Log-normal and stretched-exponential fits were also
compared with the data, but neither fit was superior to a power law.Detection of stick-slip events
To find stick-slip events, we examined the time course of the fiber’s tip for
steps, which were defined as sudden changes in the mean position of the
fiber’s tip. We used a statistical test to determine when the mean position
changed significantly. The time series that resulted from each triangle-
wave cycle (see Fig. 2 C) was separated into three sections, each corre-
sponding to a constant velocity of the fiber’s base. The corners were
discarded and the sign of the middle section was inverted such that the
mean position decreased with time (Fig. S1 in the Supporting Material).
Two nonoverlapping, contiguous, 30 ms time windows were moved across
each section of the displacement record in steps of one point, and the mean
positions of the fiber’s tip within the two windows were compared. We
sought instances for which m1  m2 > smin, where m1 is the mean positionBiophysical Journal 101(6) 1316–1325of the tip in the first window, m2 is the mean position of the tip in the second
window, and smin is a lower bound on the slip size. To formulate a decision
about whether we had found a step as a hypothesis test for each pair of time
windows, we tested the null hypothesis that m1  m2 ¼ smin against the
alternative that m1  m2 > smin. The probability of each pair of observed
mean values if the null hypothesis was valid constituted the p-value of
that test. Small values for the p-value indicated that a step had been found.
We moved the pair of windows point by point along the time course, gener-
ating a series of p-values corresponding to each test along the time series.
We found local minima in the series of p-values {pj
min}, which indicated the
most likely times and positions of stick-slip events, with the MATLAB
extrema function. To be conservative in our identification of such events,
we counted steps at the times corresponding to pj
min < pth, where pth is
a threshold significance level of 1040. For each event, the slip size was esti-
mated as the difference between the mean values in the two windows and
the rupture force as the mean tangential force in the first time window.
The fluctuations were assumed to have a normal distribution within suffi-
ciently small time windows. The data in each pair of windows were not
assumed to be drawn from distributions with the same variance, however,
because the vertical load forces that were applied to the stereocilia altered
the distribution of fluctuations. To compare the means in each pair of data
windows, we therefore applied the two-sample, one-tailed Welch’s t-test,
which does not assume the same variance for each time window. A longer
time window produced better estimates for the mean of the data in that
window but degraded the temporal resolution and thus increased the
number of steps missed by the algorithm.RESULTS
Electrophoretic properties of the stereociliary
glycocalyx
To address the role of the stereociliary glycocalyx in the
cohesion of the hair bundle, we first used electrophoresis
to characterize the surface charge of stereocilia. A particle
in an electric field migrates at a speed that depends on the
quantity and distribution of charge on its surface. The elec-
trophoretic mobility m of a smooth charged object follows
the Smoluchowski relation (18):
m ¼ n
E
¼ s
hk
; (2)
in which v is the velocity, E is the electric field, s is the
charge density, h is the dynamic viscosity, and 1/k is the De-
bye length. A particle coated with charged polymer brushes
instead fits a relation (19–22) that incorporates the Debye-
Hu¨ckel, Navier-Stokes, and Poisson-Boltzmann equations:
m ¼

s
2bhk2

f ðb;g; kÞ; (3)
in which b is the thickness of the charged brush, g is a fric-
tional-interaction constant that depends on the size and
density of the polymer-brush subunits, and f is a nonlinear
function of the indicated parameters.
An important qualitative difference between the models is
that the electrophoretic mobility of a smooth particle
approaches zero with increasing ionic strength, whereas
a brush-coated particle exhibits a nonzero electrophoretic
mobility at all ionic strengths. This asymptote in mobility
Hair-Bundle Cohesion 1319results from charges within the brush that cannot be fully
shielded by counterions owing to steric hindrance.
To quantify the charge on the stereociliary glycocalyx, we
performed capillary electrophoresis on isolated stereocilia
in solutions of varying ionic strength. We largely used ster-
eocilia isolated from hair cells of the tokay gecko’s basilar
papilla for two reasons. First, owing to their large size,
these stereocilia are easily identifiable by differential-
interference-contrast microscopy. Second, tokay geckos
can hear frequencies at least as great as 6, beyond the audi-
tory range of most other reptiles and amphibians (26), so
their hair bundles are representative of those that are sensi-
tive to moderately high frequencies (27). We also made
mobility measurements on stereocilia from the basilar
papilla of the anole and the sacculus of the bullfrog.
All of the stereocilia tested were negatively charged and
complied better with the expectations for particles coated
with charged polymer brushes than with those for smooth
charged particles (Fig. 1). Both anole and gecko stereocilia
exhibited a higher charge density than frog stereocilia.
To confirm that we had indeed assayed the effects of the
stereociliary glycocalyx, we measured the electrophoretic
mobility of anole stereocilia whose glycocalyces had been
thinned by exposure to the endoglycosidase PNGaseF. The
electrophoretic mobility of these stereocilia was decreased
by the treatment to approximately that of frog stereocilia
(Fig. 1).
During electrophoresis experiments, the stereocilia con-
sistently oriented with their long axes parallel to the electric
field. Upon reversal of the field, individual stereocilia typi-
cally reoriented by 180 while reversing direction, indi-0 20 40 60 80 100 120 140 160
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FIGURE 1 Electrophoretic mobilities of individual stereocilia at various
ionic strengths. The dashed black line is the prediction of the classical Smo-
luchowski model for a smooth charged particle. The two solid lines and the
finely dotted line represent fits to the model for particles coated in a charged
polymer brush (19). The uppermost line (green) shows fits to the data from
geckos (triangles) and anoles (circles); s¼10.5 mC$m2 and b¼ 20 nm.
The same charge density was used for the fit to the classical model. The
middle line (red) shows a tentative fit for the effect of deglycosylation on
anole stereocilia (circles); s ¼ 6.3 mC$m2 and b ¼ 11 nm. The bottom
line (blue) presents results from the frog (squares); s ¼ 6.8 mC$m2 and
b ¼ 20 nm. Data are presented as the mean5 SE of ~50 measurements of
individual stereocilia in each of one to five experiments.cating that one end was more charged than the other
(Movie S1). Experiments with anole stereocilia, in which
the blunt distal ends of stereocilia were clearly distinguish-
able from the tapered bases, revealed that the distal end was
the more negatively charged. The forward-directed end of
the stereocilium was not the end favored hydrodynamically,
indicating that stereocilia did not reorient for hydrodynamic
reasons.Interactions between the distal tips of stereocilia
If counterion-mediated attachments between stereociliary
glycocalyces provide a significant force holding the hair
bundle together, the distal tips of stereocilia should interact
upon contact in physiological solution. To investigate de
novo attachments between stereocilia, we employed force-
sensing photomicrometry (24). In this method, a piezoelec-
tric actuator displaces the base of a flexible glass fiber whose
stiffness is known and whose fine tip contacts the sample to
be tested. The magnified image of the fiber’s tip is projected
onto a dual photodiode. When the glass fiber is bent by the
tangential mechanical forces acting on it, this image shifts
(24) and the resultant change in the photodiode signal indi-
cates the position of the fiber’s tip with a spatial resolution
of ~1 nm and a temporal resolution of ~1 ms.
To investigate the interactions between glycocalyxes, we
rubbed stereocilia against one another at 90 in an arrange-
ment similar to that of a surface-force apparatus (28). We
secured an isolated stereocilium parallel to the fiber’s tip
by coating the fiber with glycocalyx-binding lectin and
bringing it into contact with a freely moving stereocilium
on the chamber’s bottom. The distal end of the fiber-
bound stereocilium could then be rubbed against the distal
end of another stereocilium fixed the bottom of the experi-
mental chamber (Fig. 2, A and B). Because this experiment
required that the experimenter differentiate the blunt distal
end from the tapered basal end of each stereocilium, we
used anole stereocilia, 10–20 mm in length and 1 mm in
diameter, whose two ends were clearly distinguishable
(Fig. 2 A). The tip regions that were brought into contact
were defined as the lateral surfaces of the distalmost 2 mm
of the stereocilia.
When the distal portions of two stereocilia were brought
together, attachments formed between them. To measure the
associated tangential forces, we moved the base of the glass
fiber back and forth in a 1 Hz triangle wave with a peak-to-
peak magnitude of 700 nm (Fig. 2 C). From the extent of the
fiber’s flexion we determined the tangential force at the tip
of the fiber, which reflected the frictional and elastic interac-
tions between the stereocilia as well as the hydrodynamic
drag on the moving fiber and stereocilium. After measuring
several cycles of response when the two stereocilia first
came into contact, we lowered the base of the fiber in steps
of 125 nm and recorded additional responses at a total of
five levels of vertical load force. If either stereociliumBiophysical Journal 101(6) 1316–1325
200 400 600 800 1000
-300
-200
-100
0
100
200
300
0
Time (ms)
D
is
pl
ac
em
en
t (n
m)
-400 -300 -200 -100 0 100 200 300 400
-100
-50
0
50
100
Displacement (nm)
Fo
rc
e 
(pN
)
D
C
B
-400
A
{{
FIGURE 2 Measurement of forces of interaction between stereocilia. (A)
In a surface view, a stereocilium immobilized at the tip of a fiber is rubbed
back and forth (pink double arrow) against a second stereocilium affixed to
the coverslip bottom of the experimental chamber. The distalmost 2 mm of
the stereociliary tips, the usual sites of contact between the stereocilia
during these experiments, are marked with green brackets. Note the
pencil-like taper (yellow arrowhead) that distinguishes the stereociliary
base. (B) A schematic lateral view illustrates the contact between two ster-
eocilia. Lowering the base of the fiber produces a downward force, the
vertical load force, perpendicular to the bottom of the chamber (pink
arrow). (C) The traces show representative single cycles of movement by
a fiber’s tip in endolymph. The motion of the free tip (black) is almost indis-
tinguishable from that of the fiber’s base (gray). For this stereociliary pair
in endolymph, contact between the stereocilia with a vertical deflection
of 250 nm (corresponding to a vertical load force of 55 pN) produced
an irregular trajectory (red) punctuated by stick-slip events. After two
cycles with a vertical deflection of 375 nm (corresponding to a vertical
load force of 83 pN), the stereocilia stuck together firmly and the range
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1320 LeBoeuf et al.showed the previously mentioned indications of detachment
from the fiber or the chamber’s bottom, the data from that
pair of stereocilia were discarded.
The five levels of vertical load force correspond to in-
creasing areas of contact between the two stereocilia. Ac-
cording to Johnson-Kendal-Roberts theory (29), the radius
a of the contact area between two homogeneous, cylindrical,
elastic stereocilia is given by
a ¼
ﬃﬃﬃﬃﬃﬃﬃﬃ
3RL
4K
3
r
JðR; L;uÞ; (4)in which R is the stereociliary radius, L is the vertical load
force, and K is the effective elastic modulus. The function
J takes account of adhesion and depends on the adhesion
energy u, which is unknown in this instance. In the absence
of information about adhesion, we can evaluate the classical
Hertz expression for which J is unity. For a maximal vertical
flexion of 500 nm, a fiber of stiffness 100–400 mN$m1
produces a downward force of 50–200 pN. For an anole ster-
eocilium with a radius of 500 nm and a roughly estimated
modulus of 0.01–0.70 GPa (30), the radius of the contact
area is expected to lie between 3 nm and 20 nm, much
less than the radius of a stereocilium.
The response during each cycle of movement was visual-
ized as a displacement-force relation (Fig. 2 D). Two
measurements were obtained: the area of the displacement-
force hysteresis loop, which represented the amount of
energy dissipated, and the average slope of the displacement-
force relation. If there were no elastic connections between
a pair of stereocilia, the tangential force exerted against the
fiber could be described as a frictional force. If instead
some attachments persisted during a cycle of motion, the
tangential force included both an elastic and a frictional
component. Although both the energy dissipation and the
slope depend on the vertical load force, we can distinguish
these two cases from the force-displacement relation. If
the tangential force were purely frictional, both the area
and the slope would increase with the vertical load force.
We often observed, however, that the area decreased as the
vertical load force increased, an effect that is possible only
if the tangential force includes an elastic component.of motion diminished (blue). (D) The data from panel C are presented as
displacement-force relations. The free tip traced a horizontal line (black)
indicative of minimal viscous dissipation. Although the tip moved nearly
as far just after contacting the stationary stereocilium (red), the stick-slip
events produced a substantial dissipation quantified by the area within the
trajectory. When the tip became tightly bound (blue), dissipation dimin-
ished; the greater slope of the trajectory reflects the increased stiffness of
attachments between stereocilia. The fiber’s stiffness was 220 mN$m1
and its drag coefficient was 300 nN$s$m1. The root mean-square noise
of 5 nm in the records reflects both Brownian motion of the fiber’s tip
and photon shot noise in the photometer system.
Hair-Bundle Cohesion 1321Sensitivity of stereociliary interactions to
environmental conditions
With increasing vertical load force, many stereociliary pairs
underwent a dramatic transition in the slope of the displace-
ment-force relation, which rose by as much as two decades
(Fig. 3 A). In the low-slope regime, the stereocilia exhibited
a variety of slope and dissipation values. In the high-slope
regime after the transition, the two stereocilia appeared
firmly attached: dissipation was reduced and the slope
values were large and consistent.
The progression and reversibility of the slope transition
depended on the vertical load force and ionic conditions.
The attachments between stereocilia became stronger with
increased vertical load force on the glass fiber. To test the
hypothesis that these de novo attachments between stereoci-
lia stemmed from electrostatic tethering by glycocalyces,B
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FIGURE 3 Doubly logarithmic plots of energy dissipation as a function of the
responses from stereociliary pairs measured under different conditions, individua
vertical load force: red, 0 nm or initial contact; orange,125 nm; yellow,250 n
of movement disclose two regimes. In each plot, the points clustered to the left r
the stereocilia, and the points bunched to the right signal elastic attachment betw
experiments under the same conditions. (B) The response under each condition
vertical load forces with error bars encompassing the 40th–60th percentiles of
of attachment and thus the position of the median slope and dissipation values.
and eliminate tight attachments between stereocilia. Addition of gentamicin con
the key from top to bottom, the numbers of cycles analyzed were respectively 63
equal proportions of cycles were recorded for each vertical load force under al
postattachment slope regimes, the average slope value at the onset of the transi
the average change in slope between pre- and postattachment cycles. The soli
increases in slope during attachment by comparison with the preattachment valwe apposed stereocilia in media that differed from endo-
lymph, which normally bathes the hair bundles. Chelation
of Ca2þ and Mg2þ ions with EDTA, partial deglycosylation
with PNGaseF, and low ionic strength (31) all reduced the
displacement-force slope as the elastic component of attach-
ment between stereocilia decreased (Fig. 3 B).
Systems that exhibit counterion-mediated attachment are
often sensitive to overcharging, in which an excess of the
multivalent tethering ion reduces attachment by saturating
sites on both surfaces (32). Consistent with this mechanism,
the addition of 4 mM Ca2þ or Mg2þ reduced the slope asso-
ciated with attachments between stereocilia. At the opposite
extreme, gentamicin, a multivalent cation known to induce
stereociliary fusion (33), promoted stiff attachment. Endo-
lymph and mildly altered ionic conditions, such as Ca2þ
chelation by EGTA or a modest increase in Ca2þ or Mg2þ
concentration, yielded intermediate behavior.10 100 101 102 103
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displacement-force slope under different conditions. (A) In examples of the
l cycles of rubbing are plotted in points of different colors depending on the
m; green,375 nm; blue,500 nm. The responses during individual cycles
eflect little or no attachment, with fiber motion affected by friction between
een the stereocilia. The uppermost two plots portray the variability between
is displayed as the median attachment slope and dissipation value for all
the distributions. The various perturbation conditions alter the progression
Deglycosylation and chelation of divalent cations greatly lower dissipation
versely promotes strong attachment. For the successive treatments listed in
6, 354, 693, 1266, 774, 921, 1050, 927, 1233, 879, and 693. Approximately
l conditions. (C) For the 49 pairs of stereocilia exhibiting distinct pre- and
tion between the regimes is presented in a doubly logarithmic plot against
d points indicate irreversible attachment and typically correspond to large
ues.
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1322 LeBoeuf et al.Transitions between slope regimes were visible in two
thirds of the 72 stereociliary pairs measured under various
conditions (Fig. 3 C). The process of attachment, a transition
from the low-slope to high-slope regime, was irreversible
between 18 pairs of stereocilia, predominantly those exam-
ined in the presence of gentamicin or 4 mM Mg2þ. No irre-
versible attachments were seen between the deglycosylated
stereocilia or those in low-ionic-strength solution. For most
stereociliary pairs that exhibited reversible elastic attach-
ments that were repeatedly formed, broken, and reconsti-
tuted from one cycle to the next, the average change in
slope between pre- and postattachment cycles scaled as
a power of the average slope value at the onset of the tran-
sition (Fig. 3 C).Endolymph
Low ionic strength
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FIGURE 4 Analysis of stick-slip events. (A) Cumulative probability
plots for various conditions show the rupture forces for individual slip
events between the distal ends of stereocilia with varying vertical load
force: red, 0 nm or first contact; orange,125 nm; yellow,250 nm; green,
375 nm; blue,500 nm. (B) A power law with a slope of4.1 (p ¼ 0.27)
relates the frequency of slip events to their magnitudes for the distal ends of
stereocilia (black) but not for the tapered ends (gray). Fitting was done by
maximum likelihood and the Kolmogorov-Smirnov test was used to
compute p-values for goodness of fit; the null hypothesis that the data orig-
inated from a power-law distribution was accepted at all significance levels
lower than the p-value. (C) The rupture forces for tapered stereociliary ends
show no apparent sensitivity to the vertical load force. (D) The rupture
forces collected for all vertical load forces between the distal ends of stereo-
cilia in different media indicate the superior strength of attachments made
in endolymph in relation to attachments made in high-divalent or low-ionic-
strength media.Stick-slip movements of stereocilia
Stick-slip motion often occurred as the two stereocilia were
rubbed against each other (Fig. 2 C). Stick-slip movement
arises when two surfaces sliding against each other become
partially attached. As the surfaces advance farther, the
force on the area of contact increases until the attachment
ruptures, dissipating the energy that has accumulated in
the elastic connection between the surfaces.
We detected 1775 slip events in 1266 cycles recorded
from the distal ends of stereocilia in endolymph. The force
achieved immediately before a slip event, the rupture force,
depended on the vertical position of the fiber’s tip: the
greater the vertical load force, the larger was the tangential
force at the attachment before rupture (Fig. 4 A). Plotting
the cumulative probability of slips as a function of their
magnitudes revealed a power-law relation with an exponent
of 4.1 (Fig. 4 B).
Especially for high vertical load forces, the attachments
between stereociliary tapers exhibited lower rupture forces
than those between the distal ends of stereocilia. Stereocili-
ary tapers exhibited no dependence of the rupture force on
the vertical load force (Fig. 4 C). The slip sizes for tapers de-
viated significantly from a power-law distribution (Fig. 4 B).
In comparisons of the cumulative distributions of rupture
forces collected over all levels of vertical load force, endo-
lymph provided the environment in which stereociliary
attachments typically sustained the greatest forces before
rupturing (Fig. 4 D).DISCUSSION
Our results provide evidence for glycan-dependent interac-
tions between the distal regions of stereocilia and suggest
that these contacts are promoted by divalent cations, Mg2þ
in particular.Whymight the hair bundle form elastic connec-
tions that could reduce mechanosensitivity? If two apposing
surfaces slide against each other, even with a low frictional
coefficient, some energy will inevitably be dissipated. If
instead the surfaces are interconnected by elastic linkages,Biophysical Journal 101(6) 1316–1325energy can be stored in those connections and then recovered
so long as they are not broken. Although ruptures occurred in
our experiments, the stereociliary connections between gly-
cocalyces in vivo are rarely challenged with displacements
as great as those applied here. Interstereociliary connections
should therefore withstand the forces associated with
physiological shearing without slip events and dissipation.
The interactions between stereocilia observed here may
correspond to the horizontal top connectors that join stereo-
cilia just below the tip links (5,8). We have likely underesti-
mated the frequency and persistence of their elastic
component: unlike the stable top connectors present in
intact hair bundles, the interactions observed here were
formed as they were measured and were unlikely to have
occurred in their ideal orientation.Ionic sensitivity of stereociliary interactions
Our data support the hypothesis that divalent ions mediate
interactions between negatively charged stereociliary
Hair-Bundle Cohesion 1323glycocalyces. We found that these interactions are sensitive
to the valence, type, and concentration of the multivalent ion
that is present in the surrounding solutions. In comparison
with the interactions in endolymph, those that occur in
high concentrations of Ca2þ sometimes display a greater
rupture force but a lower displacement-force slope. The
latter behavior is consistent with charge reversal or over-
charging, which occurs when a negatively charged surface
becomes so heavily coated with multivalent cations that it
appears positively charged (32).
The irreversibility of Mg2þ-induced interactions high-
lights the functional differences between divalent ions.
Ca2þ and Mg2þ are similar in many of their physical prop-
erties but differ dramatically in their rates of water substitu-
tion (34): Mg2þ retains oxygen ligands for nearly 105 s, but
Ca2þ does so for only 108 s. Prolonged interaction with the
oxygen atoms present in sugars of the glycocalyx might
account for the irreversibility of interstereociliary contacts
in the presence of Mg2þ. The effects of Mg2þ also bear
on the ability of dietary Mg2þ to reduce noise-induced
hearing loss (35–37); stiffening of the hair bundle through
increased cohesion may contribute to this effect.
Although the ototoxicity of aminoglycoside antibiotics
results in part from their entry into hair cells through mecha-
notransduction channels and disruption of intracellular
functions (38), such drugs can also affect the glycocalyx.
Gentamicin’s ability to tightly connect stereocilia in these
experiments accords with the finding that intra-aural genta-
micin injection causes stereociliary fusion (33). One of the
few molecules that have been found to mitigate gentamicin
ototoxicity is the lectin concanavalin A (39), which by
attaching to stereocilia may protect binding sites in the
glycocalyx from gentamicin.Lubrication and stick-slip behavior of stereocilia
Our results suggest that the interaction between stereocilia is
an example of elastohydrodynamic lubrication or boundary-
film lubrication, in which adjacent surfaces are separated
by liquid but come into contact at scattered points (40).
In ordinary examples of these regimes, mechanical asper-
ities rub against one another, leading to friction and in
more severe instances to stick-slip behavior. In the case pre-
sented here, the focal contacts between stereocilia presum-
ably represent chemical interactions between glycocalyx
molecules.
Although we cannot measure directly the area of appo-
sition between stereocilia, an approximate calculation
suggests that, under the maximal vertical load force in our
experiments, these contacts sustain a pressure of 0.1–2.9
MPa. This value, which is comparable to those attained in
surface-force balances, implies that the lubrication provided
by the stereociliary glycocalyx is highly effective and
comparable to that of synthetic charged-polymer brushes
(28). Under physiological conditions, the force betweenadjacent stereocilia is far lower and the lubrication condi-
tions are correspondingly less demanding.
Stick-slip behavior typically arises when the static fric-
tional coefficient exceeds the kinetic frictional coefficient
(41,42). There are three principal mechanisms by which
stick-slip motion can occur (43). The first is based on rough-
ness, whereby irregularities on apposed surfaces cause
a temporary increase in frictional force when they must
pass each other. A second mechanism operates in dry
systems, such as bowed string instruments, when surfaces
adhere and creep for some distance before their attachment
is broken (44). Finally, the velocity-dependent rate-and-
state process produces chaotic stick-slip behavior character-
ized by a power-law relation of probability to slip magnitude
(45). We have demonstrated stick-slip behavior between
stereocilia in which the slip magnitudes follow the power
law associated with macroscopic systems such as granular
materials and earthquakes (45–48). These chaotic stick-
slip movements may be attributed to the weakly adhesive
molecules of the glycocalyx (49). It is remarkable to observe
similar stick-slip properties in systems that differ by so
many orders of magnitude as the microscopic, biological
domain of the inner ear and the macroscopic, geological
domain of earthquakes.The glycocalyx and mechanotransduction
Although the composition and many properties of the stereo-
ciliary glycocalyx remain unknown, nearly every protein that
is known to emerge from the stereociliary plasmalemma—
cadherin-23, protocadherin-15, clarin-1, otoanchorin, ptprq,
and usherin—is a glycoprotein (50–54). An extreme
example is vlgr1, a protein that is present just above the ster-
eociliary taper and possesses 90 N-glycosylation sites in its
ectodomain (55). The protein stereocilin, which is thought
to form the horizontal top connectors, bears several potential
glycosylation sites (56) and is either a constituent of the
stereociliary glycocalyx or a lectin that binds to it (57).
Our results suggest that the extensive glycocalyx of the
hair bundle helps to maintain the coherent motion of stereo-
cilia that is essential for effective mechanotransduction.SUPPORTING MATERIAL
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